Abstruct-Fibre armatures have been studied both dynamically and statically to gain insight in their electrothermal and mechanical behaviour.
I. INTRODUCTION
Arc erosion limits the application of repetitive operating electromagnetic rail accelerators as gun tubes for hypervelocity launch to the lower velocity regime. Transition of the armature interface with the rail from a solid-solid electrical sliding contact to a hybrid one is assumed to be initiated by local melting of the armature. Both electrothermal and frictional heating are heat sources in the melting process and are studied in detail to bring the transition to hgher velocities. An improved electrical contact with the rail for a fibre armature in comparison with a monobloc design is expected [ 11. Experimental EML research at the Pulse Physics Laboratory is focused on gaining insight in the prevailing mechanisms of the transition process in order to control the creation of stable plasma boundary layers between a solid armature and the rails for the higher velocity regime. Several research objectives have been set in this respect. One goal is to improve the current diffusion in the armature (and the rail)
Manuscript received April 8, 1996 mailing address: P.O. Box 45, 2280 AA Rijswijk, the Netherlands, visiting address: Schoemakerstraat 97, 2628 VK Delft, the Netherlands, phone: +3 115269701 1, fax: +31152621268 * applied for patent during electromagnetic launch. By creating a more homogeneous current distribution in the armature, the transition can be postponed. Diffusion depends amongst others on velocity, electromagnetic properties of the armature material, the geometry, structure (e.g. lamination, fibre) and the number of contact spots. One assumption we made years ago [2] was that fibre armatures made of many electrically insulated fibres have better diffusion characteristics. The anisotropic resistive behaviour of this type of armature material is an important reason for its application.
Up to now, the advantageous diffusion characteristics of fibre armatures have only been confirmed on a theoretical basis. An analytical solution to the two-dimensional electrothermal diffusion problem for laminated current collectors was given by Hughes and Young [3] and finite element computer simulations with anisotropic materials were performed by Schoolderman [4] , [51. Launch experiments with electrically insulated fibre armatures have been performed at the Pulse Physics Laboratory since 1987. Exceptional results have been obtained with respect to arc erosion-free launch in the lower velocity regime [ 6 ] , [7] . A direct experimental verification of an improved current distribution in fibre armatures, however, has not been presented so far. In this paper, we demonstrate the improved diffusion in fibre materials on the basis of results obtained from experiments performed with an armature test bed.
II. LAUNCH EXPERIMENTS
A. Zntroduction In our pursuit of pushing the transition velocity of fibre armatures to higher values, the structural integrity of the launch package has been one of the problems encountered. The mechanism that caused the premature failure is not yet fully understood. Apparently identical launch experiments showed completely different results with respect to the transition velocity. A relation to the structure of the fibre armature itself is a possibility, since the confinement structure is assumed to have been of adequate strength. Reinforcing the launch package with titanium parts at the expense of an increase in the launch package mass did improve the integrity. As a result, the total action that could be absorbed by the armature and the kinetic energy at transition increased. However, the transition velocity itself could not be increased. Despite several measures to insulate the material, it appeared to be difficult to prevent the titanium parts from taking part in current conduction, resulting in a weakening of the construction. Break-up of the launch package still occurred in some experiments. Next, we decided to redesign the launch package, deleting all the metal reinforcement parts and substituting them with a carbon fibre confinement structure. The new launch package consists of two glass fibre epoxy parts, which are provided with an armature chamber, an armature, and a carbon fibre-wound confinement structure (see Fig. 1 ).
0018-9464/97$10.00 @ 1997 IEEE B. Armature designs The basic fibre armature design is shown in Fig. 2 . It consists of 11600 insulated 0 0.1 mm Cu wires packed io a density of about 88 %. The trailing arm of the fibres is at a 45 degree angle with the rails. Computer simulations have been performed to study the influence of material properties on the velocity at which a part of the armature starts melting. The results have shown that MO is a better-armature material than Cu when considered from an electrothermal point of view [5] . To take full advantage of a material with a higher resistivity, such as MO, the armature length must be optimised. Therefore, the geometry of the basic design was changed in order to produce longer armatures. This design consists of multiple armature segments of identical geometry that fit in the glass-fibre epoxy paris (see Fig. 3 ). Two-segment Cu fibre armatures were tested for comparison with the basic design (same number of fibres). Three-and four-segment MO fibre armatures were then launched to check our assumptions concerning the potential of MO as an improved armature material. The MO fibre armatures used were made of 0 0.12 mm insulated wires packed to a density of about 85 %. The three-segment armature had 15300 and the four-segment armature had 20400 MO fibres.
C. Results The 6.7 MJ electromagnetic launch facility and the 2.4 m, 20 mm square bore rail accelerator have been used for the experiments [7] . Experiments with the new launch packages were conducted at current levels of 300 -330 kA. A Cu alloy containing small fractions of zirconium and chromium was used as rail material. The launch packages with basic design and two-segment armatures weighed between 36 and 39 g. Those with three-and four-segment armatures weighed between 53 and 58 g. The typical result while maintaining good, solid-solid, non-arcing electrical contact with the rails. At these velocities, arcing of the armatures started at the positive rail followed by arcing at the negative rail. In the non-arcing contact area, only small scratches caused by the sliding of the fibre tips of the armature over the rail surface were visible under a microscope (i.e. mechanical wear of the armature). A superficial deposit of launch package materials -the result of transition further down the bore -could easily be wiped off. Arc erosion of the rail surface is visible in the area of transition. These experiments reproduced better than before and the transition process occurred more gradually. Sometimes, lower transition velocities were obtained at lower maximum currents. Orthogonal X-ray shadowgraphs of a complete launch package with an armature of the basic design, 10 and 50 cm in front of the muzzle, are shown in Figs. 4 and 5 (v=1250 d s ) . The package, including the armature, remained nearly intact and the presence of liquid material from the armature surface is visible. These photo's show the deformation of the launch package after it leaves the muzzle, indicating the large internal stresses. The original geometry is restored in flight, showing the elasticity of the carbon fibre-wound confinement structure. A representative set of load current and muzzle voltage data for this series of experiments is presented in Fig.  6 . Characteristic of an arc erosion-free launch experiment is a low voltage drop across the rail-armature boundary layers, indicating a good electrical sliding contact. At transition, a gradual, stepwise increase of the muzzle voltage from a few volts to a value typical for plasma armatures (150 V) occurs. The visual effects on the rail surface confirm the measured data. A continuous velocity profile, obtained with a VISAR, is shown in Fig. 7 together with velocity data deduced from B-dot probe signals and X-ray shadowgraphs. Due to plasma blow-by, the VISAR signal is lost at the moment of transition. A Figure Of Merit (FOM) for this type of armature is shown in Fig. 8 (FOM is kinetic energy divided by the energy dissipated in the armature).
The launch experiments with the two-segment Cu fibre armatures showed results comparable to those with the basic design (see Fig. 9 ). The results with both the three-and foursegment MO fibre armatures showed an unexpected early transition to a hybrid armature. From Fig. 10 , it appears that a larger part of the fibre armature is missing or is compressed to a higher density at the forward edge. An apparent armature resistance (voltage across the armature divided by the armature current) of about 70 pS2 was measured just before the start of TABLEI the launch process when a homogeneous current of 25 kA flows through the armature. This value is rather high compared with the typical 10 pi2 obtained for Cu armatures with only 75 % of the number of fibres. The early transition obtained with the MO armatures is assumed to be related to this high initial armature resistance. 
III. MECHANICAL BEHAVIOUR OF FIBRE ARMATURES
From the results described in the previous section, it is clear that other effects than those related to the electrothermal properties of the armatures are involved. Due to the complex manufacturing procedure of fibre armatures, the mechanical behaviour is difficult to understand. In this paper, the results of compliance measurements are presented. The set-up has been described in [8]. The armature compliance is expected to play an important role in establishing the desired preload force on the electrical contact between the armature and the rail. Fig. 11 shows the compression of a Cu fibre armature as a function of the preload force. Fig. 12 shows the same for a three-segment MO fibre armature. It appears that the stressstrain behaviour for both fibre armatures shows a relaxation effect: when the compression is sustained at a fixed value, the preload force is reduced with time (on a minutes time scale). After decompression, the armature is deformed, permanently. With every next compression cycle, the force-compression curve appears to have shifted to lower force values, while the slope holds the same value, approximately. three-or four-segment MO armature is comuarable to the
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compliance of a two-segment Cu armature, which could imply that the compliance does not strictly depend on fibre material but also on geometry and launch package design. It appears that the confinement structure influences the internal stress distribution in the fibre armature to a higher extent than expected.
Figs. 11 and 12 also show the DC armature resistance as a function of preload force measured in the same set-up. The curve for the Cu fibre armature can be reproduced quite well from electrical contact theory by assuming a plastic contact spot at each fibre tip in the higher contact force range [9] , [lo] . At the lower end, the existence of elastic contact spots resulting in a higher constriction resistance cannot explain the observed armature resistance. Apparently, a number of fibres do not make proper electrical contact at low contact force. For MO, an armature resistance of about 70 p. sZ is measured at a contact force of 4 kN, whereas a value of about 15 pa is calculated. This is probably caused by the fact that only a limited number of fibres make proper contact in the MO fibre armature over the considered contact force range. A contact resistance of 70 p!2 can only be calculated by assuming that about 40 % of the fibres make proper contact (due to increased bulk resistance). The argument is augmented by inspection of the load bearing contact area at the rail surface under a microscope. Indentations of the individual fibres are not uniform over the nominal contact area. By measuring the DC armature resistance inside the rail accelerator at maximum bolt torque, a value of 9 pL2 was found for Cu and a value of 70 pa was found for MO, in agreement with the values found during launch experiments. B. Diagnostics Diffusion of the magnetic field into the armature occurs mainly from the trailing to the forward edge of the armature (+x direction in Fig. 13 ). To study this process, special miniature magnetic field sensors, voltage probes and Rogowski coils were constructed [ll] . The magnetic field sensor is essentially an array of small B-dot probes placed closely together. The magnetic field in the zdirection was chosen to be measured in order to be able to compare the experimental results with 2D-computer simulations of fibre armatures at stand-still. Since it is not possible to measure the magnetic field or current density inside the armature directly, a compromise had to be made. Symmetry considerations made us decide to create a gap inside the armature to host the diagnostics. Inside the gap, the curl of the magnetic field is zero. Therefore, several field derivatives are balanced. Since the field must be continuous at the gap-armature boundary and the gap size is small compared with the armature length, we assumed that B,(x) would closely resemble the field inside the armature (at least resemble the shape of the field distribution). The magnetic field obtained by integration of the B-dot signals could then be used to deduce the current density profile Jy(x) inside the armature.
C. Experimental results To check the validity of the assumptions made in the previous sections, a few proof-ofprinciple experiments were carried out (see [ 1 I]). The positive results of the proof-of-principle experiments with solid armatures gave us confidence to continue with some of our Cu fibre armatures (basic design). For comparison, a CU monobloc armature with an identical geometry was included in the series (see Fig. 13 ). The same contact force was applied in both cases (equal to initial conditions in launch experiments). Therefore, a lower contact resistance for the fibre armature may be assumed due io a higher number of contact spots. A better diffusion due to contact resistance would be in favour of the monobloc armature. Consequently, when a faster diffusion into the fibre armature is measured, it can be ascribed to its anisotropic resistive behaviour. For these experiments, an array of 12 B-dot probes was made (dimensions: 40 turns "race track" type; 4x1 mm, 1.5 mm apart). B-dot #1 and #2 are located between the trailing arms; #lo, #11 and #12 are in front of the armature. The others are within the geometry boundary. Fig. 14 shows the current pulse used in the experiments. Figs. 15 and 16 show the magnetic field profiles for Cu monobloc and Cu fibre armatures at different points in time (1.2 and 2.0 ms, respectively). The curves labelled "mono (exp)" show the experimental result for the monobloc armature. The field is curved initially, indicating a higher current density at the trailing edge of the armature. After 2.0 ms the curvature of the field profile is reduced and a more uniform current density is established. The Cu fibre armature shows a different behaviour (labelled "fibre (exp)"). At 1.2 ms, a straight line is obtained for the field profile between the trailing (0 mm) and forward edge (10.6 mm) of the armature. For every later time step, the values for the fibre armature are larger than those for the monobloc. As expected, the difference between both profiles is reduced in time. The lines cross at 8 mm approximately and the magnetic field at the forward edge is in the opposite direction of the field at the trailing edge for the full duration of the current pulse.
Figs. 17 and 18 show the results of test bed experiments with two-segment Cu and MO fibre armatures. Miniature Rogowski coils were used to measure the current through the trailing and leading segment, separately. The total armature current is also shown. Fig. 17 shows the relatively good current distribution for the Cu fibre armature (compared with monobloc and taking the rail resistance into account). The effect of current diffusion into the armature is evident. For the MO armature, the current in the trailing and the current in the leading segment were expected to be equal, approximately. Although diffusion is completed quickly, this experiment shows a maldistribution of the current in the two-segment MO armature. It is assumed again that this is caused by an improper electrical contact between the armature and the rails.
D. Discussion
The experimental results presented in Figs. 15 and 16 have been compared with the results of 2D simulations of monobloc and fibre armatures (labelled "mono (2D-FEM)" and "fibre (2D-FEM)"). The calculated magnetic field has been multiplied by a factor L'/po to account for the different inductance gradient L' of the armature test bed compared with its value in the 2D representation. Up to 2.0 ms, the curvature of the calculated magnetic field profiles is stronger than for the experimental ones. After 2.0 ms, the simulated diffusion process is completed, approximately. Two-dimensional codes for solving the magnetic diffusion equation have certain restrictions. The calculation of the magnetic field in the forward part of the armature is not completely correct due to the assumed boundary conditions at the front of the armature (B,=O in this case). The calculations with the 2D-code cannot explain the increased current density at the front end of the monobloc armature. A 3D electromagnetic code is necessary to simulate these effects in this region. Therefore, the experimental results have also been compared with the results of simulations performed with the 3D-code MEGA. For direct comparison, the B-dot coils have been incorporated in the simulation model. Fig. 19 shows that the experimental and calculated voltage induced in B-dot #1 match perfectly. Fig. 20 shows the magnetic field profiles inside the gap at maximum current (t = 1.2 ms). Both curves are in close agreement. The figure also shows a calculated magnetic field profile for an armature without the gap. The deviations imply that the current density inside the armature cannot be reconstructed from these field measurements as expected (neither absolute value nor profile) since the measured magnetic field profile does not resemble the one inside the monobloc armature. Thus, only qualitative statements can be made concerning the magnetic field diffusion into different types of armatures using this method unless the gap is made unpractically small.
V. CONCLUSIONS
From the experiments with the redesigned launch packages, it can be concluded that an improved confinement structure resulted in a higher transition velocity. The transition process is not under control yet. An explanation for erratic transition behaviour of the fibre armatures in a series of comparable experiments might be slight differences in the initial experimental conditions such as the preload force on the electrical contact between the armature and the rail from one experiment to the other. Thus far, the results of experiments with MO fibre armatures do not meet the expectations from theoretical considerations and from the early results with nonoptimised, non-insulated MO fibre armatures [7] . The poor results are ascribed to the high initial resistance of MO fibre armatures. It appears that electrical contact theory can predict the armature resistance for Cu fibre armatures in the high contact force range but cannot predict the armature resistance for MO fibre armatures. An improper electrical contact with the rail is assumed, probably caused by differences in internal stress distribution in Cu and MO fibre armatures resulting in a non-uniform contact force across the contact area.
Experimental evidence of a faster diffusion process in electrically insulated fibre armatures has been obtained by comparing results of magnetic field measurements inside monobloc and fibre armatures, showing that at least from this point of view fibre armatures perform better than monobloc armatures. The experimental results have been compared with 2D simulations of a monobloc and a fibre armature and 3D simulations of a monobloc armature. Although the general trend in the measurements is reproduced by the 2D-results, only the 3D-results match the experimental data adequately. The 3D-results also show that no quantitative information concerning the magnetic field and current distribution inside the armature can be obtained from the magnetic field diffusion measurements. interpretation of the experimental data and his efforts for performing the ET-code and MEGA simulations are much appreciated. The authors wish to acknowledge the contributions of Thijs van Leeuwen, Erik Olthof and Jan Starrenburg for the fabrication of the sensors and performing the experiments.
